We have studied the role of DNA methylation in repression of the murine al type I collagen (COLlAl) gene in Movl3 fibroblasts. In Movl3 mice, a retroviral provirus has inserted into the first intron of the COLlAl gene and blocks its expression at the level of transcriptional initiation. We found that regulatory sequences in the COLlAl promoter region that are involved in the tissue-specific regulation of the gene are unmethylated in coUagen-expressing wild-type fibroblasts and methylated in Movl3 fibroblasts, confirming and extending earlier observations. To directly assess the role of DNA Insertional mutagenesis by retroviruses and other mobile genetic elements, whether spontaneously occurring or experimentally induced, is a powerful tool for analyzing fundamental aspects of the organization, expression, and regulation of eucaryotic genes (18, 25, 46, 50) . Retroviral insertions can cause dominant mutations such as cell transformation by the activation of cellular oncogenes as well as recessive mutations by the disruption of genes that are essential for normal development. Although the molecular mechanisms of the activation of cellular oncogenes have been studied in many instances (23, 24, 36, (43) (44) (45) , relatively little is known about how retroviruses inactivate cellular genes and how they exert their effects on cellular genes when the insertion sites are far away from the affected gene or located in noncoding sequences. Most likely, indirect mechanisms such as local or long-range changes in chromatin structure are involved.
potentialy transcriptionaly active in the presence of proviral sequences and that Movl3 fibroblasts contain the trans-acting factors required for efficient COLlAl gene expression. Our results indicate that the provirus insertion in Movl3 can inactivate COLlAl gene expression at several levels. It prevents the developmentaly regulated establishment of a transcription-competent methylation pattern and chromatin structure of the COLlAl domain and, in the absence of DNA methylation, appears to suppress the COLlAl promoter in a cell-specific manner, presumably by assuming a dominant chromatin structure that may be incompatible with transcriptional activity of flanking celular sequences.
Insertional mutagenesis by retroviruses and other mobile genetic elements, whether spontaneously occurring or experimentally induced, is a powerful tool for analyzing fundamental aspects of the organization, expression, and regulation of eucaryotic genes (18, 25, 46, 50) . Retroviral insertions can cause dominant mutations such as cell transformation by the activation of cellular oncogenes as well as recessive mutations by the disruption of genes that are essential for normal development. Although the molecular mechanisms of the activation of cellular oncogenes have been studied in many instances (23, 24, 36, (43) (44) (45) , relatively little is known about how retroviruses inactivate cellular genes and how they exert their effects on cellular genes when the insertion sites are far away from the affected gene or located in noncoding sequences. Most likely, indirect mechanisms such as local or long-range changes in chromatin structure are involved.
One of the best-studied examples of a retrovirus-induced insertional mutation is the mutant Movl3 mouse strain. In Movl3 mice, a proviral copy of the Moloney murine leukemia virus has inserted into the first intron of the al type I collagen (COLlAl) gene, causing an embryonic lethal mutation (20, 26, 42) . Previous work has shown that the provirus insertion in Movl3 does not inactivate COLlAl gene expression by causing premature termination of transcription, incorrect splicing, or instability of mRNA. Rather, it interferes in a complex manner with the developmentally regulated activation and tissue-specific expression of the COLlAl gene at the level of transcriptional initiation (5, 22, 27, 31) . The provirus insertion in Movl3 is associated with specific changes in the chromatin structure of the COLlAl gene. A transcription-associated DNase-hypersensitive site in the promoter region of the COLlAl gene, which is developmentally induced in the wild-type gene, is not present in the Movl3 allele (5) . Moreover, the provirus insertion also induces changes in the methylation pattern of the gene. Cellular sequences flanking the proviral integration site are hypomethylated in wild-type fibroblasts but are hypermethylated in mutant cells (27) . We wished to further understand the role of chromatin structure and DNA methylation in the retrovirus-induced suppression of (34) were grown in Dulbecco modified Eagle medium supplemented with 10% fetal calf serum.
5-aza-C treatment. Treatment with 5-azacytidine (5-aza-C) was performed at concentrations of between 3 and 100 ,uM either once for 24 h or several times for 24 h, as specified. In the latter case, each treatment period was followed by a recovery period in which the cells were allowed to grow to confluency and passaged at a ratio of 1:3 before the next treatment.
Chromatin structure and Southern blot analyses. DNase I digestion of nuclei and preparation of genomic DNA from tissue culture cells were performed as described previously (5) . DNA aliquots of 15 ,ug were digested with restriction endonucleases for 12 to 16 h as recommended by the manufacturers and analyzed by Southern blot hybridization according to standard procedures (33) . The probe used was a riboprobe (35) transcribed in vitro from a 1.1-kb PvuIIXbaI fragment that was derived from the 5' region of the COLlAl gene (probe 1; Fig. 1 Fig. 1 ). The proviral sequences in pMov13 were shown to be complete and unrearranged by transfection into 3T3 fibroblasts, which resulted in the production of infectious virus particles, as shown by XC plaque assay (47; data not shown).
DNA transfections. DNA transfections by the calcium phosphate procedure were performed as described previously (47) . The wild-type-derived (COLlAl wt) and Movl3-derived DNA fragments were cotransfected with a neomycin resistance gene, and stably transfected cells were selected with geneticin (G418; GIBCO). Pools of transfected cell clones were analyzed for the presence of the transfected COLlAl constructs by Southern blot hybridization (data not shown), and RNA was prepared from the same cells as described previously (1) .
Frog oocyte in,jections. Supercoiled plasmid DNA was microinjected into Xenopus laevis oocytes with a glass micropipette by the blind method as described previously (12) . The DNA concentration was 1 ng/nl; the injected volume was 20 to 30 nl per oocyte. After incubation for 24 h at 19°C, 20 to 50 oocytes per injected plasmid were homogenized in 30 RI of TE-2% sodium dodecyl sulfate per oocyte and extracted twice with phenol-chloroform (1:1) and twice with chloroform. Nucleic acids were precipitated with ethanol and redissolved in 50 mM Tris (pH 7.4)-10 mM MgCl2, and DNA was removed by treatment with 1 Unit of RNasefree DNase I (Boehringer Mannheim) per oocyte for 30 min at 37°C. The RNA was reextracted with phenol-chloroform and chloroform and precipitated with ethanol.
RNase protection assay. Cellular RNA or RNA isolated from injected frog oocytes (5 to 20 ,ug) was hybridized to 0.5 x 106-cpm riboprobe in 15 ,u1 of 80% formamide-0.4 M NaCl-40 mM piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES; pH 6.4)-mM EDTA for 16 to 20 h at 55°C, digested with 40 ,ug of RNase A per ml and 150 U of RNase T1 per ml for 30 min at room temperature as described previously (52), and separated on a denaturing 4% polyacrylamide-urea gel. The probes used in these experiments were a 340-bp BglIIXbaI fragment derived from the 5' end of the COLlAl gene (probe 2; Fig. 1 ) and an 850-bp BglII-EcoRV fragment containing 5' COLlAl gene and proviral sequences (probe 3; Fig. 1 ). Both fragments were cloned into pSP64 and transcribed in vitro with SP6 RNA polymerase in the presence of [a-32P]GTP (35) .
Nucleotide sequence accession number. The sequence reported has been submitted to the EMBL data bank (accession number X54876).
RESULTS
Methylation of COLlAl regulatory elements in wild-type and Movl3 fibroblasts. The DNA sequence of the murine COLlAl promoter region has been established (20) . In addition, we have recently determined the DNA sequence of the 5'-flanking region of the COLlAl gene and the distribution of methylatable CpG dinucleotides ( regulatory region of the COLlAl gene are located only in the immediate promoter region and upstream of -1178. We have concentrated our analysis on the methylation pattern of the region immediately upstream of the COLlAl promoter for several reasons. First, the methylation of sequences more than 1 kb upstream of the start site of transcription has been reported to be not affected by the provirus insertion in Movl3 (27) . Second, we have recently shown that sequences within 222 bp of the COLlAl promoter exert a strong positive effect on the activity of the COLlAl promoter and are sufficient for its tissue-specific regulation (39) . Third, the HpaII sites are part of two perfect 12-bp direct repeats TGGGGGCCGGGC which are important regulatory elements. Identical or very similar elements are also present in the COLlAl genes of other species (11, 32) , and they have recently been shown by footprint and gel shift analyses to be binding sites for a regulatory protein(s). Similarly, the HhaI site is located in a sequence GGGAGGGGGGGCGCTGGG that interacts with regulatory factors (7, 29) . Methylation of the promoter was analyzed by digestion of genomic DNA with XbaI and PvuII, which creates a 1.1-kb fragment when probed with probe 1 (Fig. 1 ). This probe is unique and recognizes only a single fragment of genomic DNA derived from the 5' end of the COLlAl gene (see Fig. 5 ). When the promoter region is unmethylated, further digestion with HpaII or HhaI creates a subfragment of 0.9 or 0.8 kb, respectively, whereas no subfragments are produced when the promoter region is methylated.
The methylation of regulatory elements in the COLlAl promoter region correlated with transcriptional activity of the gene (Fig. 2) , confirming and extending previous observations (27) . The promoter was unmethylated in collagenproducing 3T3 mouse fibroblasts, as shown by cleavage with both HpaII and HhaI. In contrast, the promoter region was methylated and resistant to cleavage with both enzymes in fibroblasts prepared from Movl3 embryos in which the gene is transcriptionally inactive (5, 22, 42) .
5-Aza-C treatment leads to demethylation of the COLlAl promoter in Movl3 fibroblasts. Movl3 fibroblasts differ from collagen-producing wild-type fibroblasts only in the provirus insertion and contain the transcription factors necessary for efficient collagen expression (see below). These cells are thus a unique system with which to directly study the role of (Fig. 3A) .
The partial cleavage by HpaII and HhaI of DNA isolated from 5-aza-C-treated Movl3 fibroblasts indicated that the 5-aza-C-treated cell populations were mixtures of cells in which the COLlAl promoter was demethylated and cells in which it was still methylated. We therefore isolated subclones of 5-aza-C-treated cells and analyzed the methylation status of the COLlAl promoter region in these subclones (Fig. 3B) . In most of the subclones, the COLlAl promoter was methylated, indicating that the partially demethylated cells had become remethylated after prolonged growth in the absence of 5-aza-C. However, several of the clones appeared to be stably demethylated (e.g., clones F10 and B1l; Fig. 3B ). Our results show that 5-aza-C treatment of Movl3 cells leads to demethylation of the COLlAl promoter and that cell clones can be isolated in which the COLlAl promoter region shows a stably unmethylated pattern indistinguishable from that of collagen-producing wild-type cells.
Demethylation of the COLlAl promoter in Movl3 fibroblasts is insufficient for transcriptional activity. To study whether demethylation of the COLlAl promoter in Movl3 fibroblasts resulted in its transcriptional activation, we analyzed 5-aza-C-treated Movl3 cells for COLlAl mRNA. We analyzed both 5-aza-C-treated cell populations and several of the subclones described above. Because of the propensity of the 5-aza-C-treated Movl3 cells to become remethylated (Fig. 3B) , the RNA analyzed was isolated from the same cells as was the DNA used for the methylation analyses. Using RNase protection assays, we were unable to detect COLlAl transcripts in any of the 5-aza-C-treated Movl3 cells, including cells treated for several times with 8 ,uM 5-aza-C and the cell clones in which the COLlAl promoter appeared to be completely and stably demethylated (Fig. 4) . Similarly, 5-aza-C treatment of P19 embryonal carcinoma cells, which do not express the COLlAl gene (22) , failed to activate the wild-type COLlAl gene in these cells (Fig. 4,  P19- (Fig. 1) ; COLlAl mRNA protects a fragment of 112 nucleotides (nt). Lanes: 3T3, NIH 3T3 mouse fibroblasts; wt, mouse fibroblast cell line from wild-type embryos (42); P19-aza, 5-aza-Ctreated P19 embryonal carcinoma cells; B11-100, F11-100, B8-50, G6-3, and F1-S50, clones of 5-aza-C-treated Movl3 fibroblasts; 8 ,uM, Movl3 fibroblast population after several consecutive treatments with 8 ,uM 5-aza-C (see text). The autoradiogram was exposed overnight; a longer exposure did not give a positive signal in any of the 5-aza-C-treated cells (not shown).
scribe the transfected wild-type COLlAl gene (see below). These results show that demethylation of the COLlAl promoter in Movl3 fibroblasts is not sufficient for its transcriptional activity.
Demethylation of Movl3 fibroblasts induces a transcriptioncompetent chromatin structure in retroviral sequences but not the COLlAl promoter. To further understand why the COLlAl promoter remained transcriptionally silent although it was demethylated in 5-aza-C-treated Movl3 fibroblasts, we analyzed its chromatin structure. We have previously shown that transcription of the COLlAl gene in wild-type cells is associated with a specific DNase-hypersensitive site in its promoter region and that this transcriptionassociated chromatin structure is absent in Movl3 fibroblasts. Similarly, the Movl3 proviral genome presumably is transcriptionally inactive in Movl3 fibroblasts, as inferred from the absence of DNase-hypersensitive sites in its long terminal repeats (LTRs) (5; see also Discussion). DNase I digestion of chromatin from wild-type (3T3) fibroblasts produced two subfragments of approximately 2 and (barely visible) 3 kb resulting from the DNase-hypersensitive sites in the promoter and the first intron of the COLlAl gene, respectively (Fig. 5) . No DNase-hypersensitive sites were present in chromatin from untreated Movl3 fibroblasts, confirming our previous results (5) . In addition, in 5-aza-Ctreated Movl3 fibroblasts, a subfragment of approximately 3 kb was present, which is indicative of a DNase-hypersensitive site in the 3' LTR of the Movl3 provirus (Fig. 5) analyzed by blot hybridization, using probe 1 (Fig. 1) . In 3T3 cell chromatin, two DNase-hypersensitive sites are present in the promoter region and the first intron of the COLlAl gene, as indicated by the arrows (5) . No hypersensitive sites are seen in normal Movl3 fibroblasts, whereas in 5-aza-C-treated Movl3 fibroblasts a hypersensitive site is present in the proviral 3' LTR. laevis oocytes. To test whether the presence of the proviral sequences in the COLlAl gene per se prevent transcriptional activity of the COLlAl promoter, we transfected cloned DNA fragments derived from both the wild-type and the Movl3 COLlAl alleles into Movl3 fibroblasts. Movl3, not wild-type, fibroblasts were used because the production of large amounts of COLlAl gene transcripts from the endogenous gene in wild-type fibroblasts would have made detection of transcripts derived from the transfected constructs impossible. In a second series of experiments, we injected these fragments into X. laevis oocytes. The fragments used in these experiments (Fig. 6) are shown in Fig. 1 . In Movl3 fibroblasts stably transfected with a fragment derived from the wild-type COLlAl gene, the COLlAl promoter showed high transcriptional activity and produced correctly initiated COLlAl mRNA comparable to that of the endogenous COLlAl gene in wild-type fibroblasts (Fig. 6A,  lanes 2 and 5) . This finding is in agreement with previous results (41) and indicates that Movl3 fibroblasts contain the trans-acting factors required for efficient COLlAl gene expression. When Movl3 fibroblasts were transfected with a fragment derived from the Movl3 COLlAl allele containing a partial proviral genome, only marginal transcriptional activity was observed (Fig. 6A, lane 3) ; when a fragment containing the COLlAl promoter and the complete proviral genome was transfected, no transcriptional activity of the COLlAl promoter was detectable (Fig. 6A, lane 4) .
In contrast, in X. laevis oocytes the COLlAl promoter was transcriptionally active independent of whether the injected DNA fragments contained a partial (Fig. 6B, lane 3) or complete (Fig. 6B, lane 4) proviral genome or no proviral sequences at all (Fig. 6B, lane 2) . Furthermore, the patterns of protected RNA fragments obtained with the oocyte RNAs (Fig. 1) . Lane 5, RNA from wild-type mouse fibroblasts. In this experiment, 10 ,ug RNA from COLlAl wt-injected oocytes and 20 ,ug RNA from pMovl3-and pMovl3-A-injected oocytes were used. The autoradiogram was exposed for 4 h. The integrity of all RNA preparations used was routinely ascertained by gel electrophoretic analysis. For unknown reasons, in this experiment the signal produced by the COLlAl wt construct (lane 2) was weaker than those produced by the Movl3 constructs ( lanes 3 and 4) ; in subsequent similar experiments, this difference was not observed and all three constructs produced signals of about identical intensities (not shown).
were identical to the pattern obtained with RNA from mouse fibroblasts (Fig. 6B, lane 5) , indicating correct transcriptional initiation at the COLlAl promoter in the presence of proviral sequences. These results show that the Movl3 COLlAl promoter is potentially transcriptionally active and that the presence of the proviral genome does not per se preclude transcription of the Movl3 COLlAl allele. The retrovirus-induced transcriptional repression of the COLlAl promoter in Mov13 fibroblasts appears to be specifically maintained in Movl3 fibroblasts both after transfection of Movl3-derived DNA fragments and after 5-aza-C treatment of Movl3 fibroblasts.
DISCUSSION
Tissue-specific genes in vertebrates, specifically their promoter regions, are generally methylated in tissues in which they are transcriptionally inactive and unmethylated in tissues in which they are expressed (9, 10, 14, 15, 51) . One possible mechanism by which DNA methylation is thought to interfere with transcription is an alteration of DNAprotein interactions which may prevent the formation of transcriptionally active chromatin (8, 30) . To test whether such a mechanism is involved in the retrovirus-induced suppression of the COLlAl gene in Movl3 mice, we have treated homozygous Movl3 fibroblasts with the demethylating agent 5-aza-C. Although this treatment resulted in an efficient and, under certain conditions, apparently complete and stable demethylation of the promoter region of the mutant COLlAl gene (Fig. 3) , the gene failed to be transcriptionally activated (Fig. 4) . This was not due to the absence of trans-acting factors required for transcription of the COLlAl gene or to an inherent inability of the COLlAl promoter to be transcriptionally active in the presence of proviral sequences, as shown by DNA transfection and microinjection experiments (Fig. 6) . Rather, demethylation by 5-aza-C appeared to transcriptionally activate the Movl3 proviral genome but not the COLlAl gene, as suggested by an analysis of the chromatin structure of the COLlAl promoter region and the proviral 3' LTR (Fig. 5) .
These results indicate that the provirus in Movl3 mice can interfere with COLlAl gene expression at several levels. In normal (i.e., not 5-aza-C-treated) Mov13 fibroblasts, both the COLlAl promoter and the proviral LTR promoters are extensively methylated ( Fig. 2; 27 ). While it is evident that the COLlAl promoter is transcriptionally silent in these cells ( Fig. 4 ; 5, 22, 42) , this is not known of the Movl3 proviral genome. Movl3 fibroblasts were derived from viremic Movl3 embryos (42) and contain, in addition to the proviral sequences inserted into the COLlAl intron (the endogenous Movl3 provirus) several more exogenous proviral copies integrated at different locations. These additional proviral copies are transcriptionally active, and their transcripts are indistinguishable from possible transcripts derived from the Movl3 provirus, making it impossible to directly determine the transcriptional activity of the Movl3 proviral genome. Several lines of evidence indicate, however, that the Movl3 provirus is transcriptionally inactive in Movl3 fibroblasts. Transcriptional activity of integrated proviral genomes is associated with a transcriptionally competent chromatin structure, notably DNase-hypersensitive sites in the 5' and 3' LTRs (19, 38, 48, 49) ; no DNasehypersensitive sites indicative of transcriptional activity were found in the Movl3 proviral LTRs in normal Movl3 fibroblasts ( Fig. 5; 5) . Moreover, the endogeneous proviral copies in several other Mov mouse strains have been shown to be highly methylated, in a transcription-incompetent chromatin structure, and transcriptionally inactive (6, 21, 47, 49) . Thus, in normal Movl3 fibroblasts, both the COLlAl gene and the Movl3 proviral genome are transcriptionally inactive and the transcriptional repression is, at least in part, mediated by DNA methylation. The COLlAl promoter is methylated in early embryonic cells and becomes demethylated in wild-type, but not Movl3, fibroblasts ( Fig. 2; 27 ). This finding indicates that the provirus insertion prevents the developmentally regulated demethylation of the COLlAl promoter and that this contributes to the transcriptional suppression of COLlAl gene expression in Movl3.
In 5-aza-C-treated Movl3 fibroblasts or after transfection of cloned, unmethylated Movl3 DNA fragments into these cells, the provirus insertion interferes with COLlAl gene expression by a mechanism that is independent of DNA methylation. 5-Aza-C treatment leads to a demethylation of the COLlAl promoter (Fig. 3) and presumably also the proviral sequences, as indicated by the hypersensitive chromatin structure in the proviral 3' LTR (Fig. 5) (3' ) LTR when the upstream (5') LTR promoter is active (13) . Similarly, in retrovirus vectors containing two promoters, expression of one of the promoters is usually suppressed in cis by an epigenetic mechanism when the other promoter is transcriptionally active (16) . Transcriptional interference has also been described to occur between eucaryotic nonretroviral promoters (37) . The molecular mechanisms of transcriptional interference are not known. Most likely, it involves local changes in chromatin structure. Our results therefore suggest that integrated retroviral genomes can assume a transcriptionally competent chromatin structure that is dominant over that of nearby cellular genes.
Intriguingly, in the case of Movl3, transcriptional interference appears to occur in a cell-specific manner. After transfection into Movl3 fibroblasts, the COLlAl promoter showed no detectable activity in the presence of the proviral genome. On the other hand, in X. laevis oocytes the COLlAl promoter was transcriptionally active whether or not proviral sequences were present (Fig. 6) . Similarly, it has recently been shown that the mutant COLlAl gene is expressed in odontoblasts from homozygous Movl3 animals (31) . In these cells, stable, correctly initiated and spliced COLlAl mRNA is produced despite the presence of the proviral insertion. It appears that alternate mechanisms must exist to overcome the transcriptional repression of the COLlAl domain in different collagen-expressing cell types and that the provirus insertion does not inevitably interfere with transcriptional activation of the gene. Further clues may come from a detailed analysis of cis-acting regulatory elements and trans-acting factors which regulate the stageand tissue-specific expression of the murine COLlAl gene. We have recently identified two blocks of regulatory sequences, located upstream of the promoter and in the first intron of the COLlAl gene, which contribute to the transcriptional control of the gene and are sufficient for its tissue-specific expression (39) . A similar arrangement of regulatory sequences has been identified in the human COLlAl gene (2-4, 40) . The different elements may contribute differentially to the regulation of the gene in different cell types. In fibroblasts, derepression of the COLlAl gene may require a communicative interaction between regulatory factors and both blocks of elements which is made impossible by the provirus insertion. It has in fact recently been suggested that interactions between the 5'-flanking and intron sequences are involved in the transcriptional control of the human COLlAl gene (4) . However, in other collagenexpressing cell types such as odontoblasts, the interaction between regulatory factors and only one of the blocks of regulatory sequences may be sufficient, leaving the proviral insertion without consequence. Further studies of the Movl3 mutation will be revealing both for understanding the tissue-specific regulation of COLlAl gene expression and for understanding the molecular mechanisms of retroviral insertional mutagenesis.
